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PREFACE 

A  demand  has  arisen  within  the  last  lew  years  for 
steels  of  superior  qualities  to  those  which  were  being 
supplied  for  use  in  tools,  automobiles  and  electrical, 
hydraulic  and  steam  appliances.  This  demand  has  resulted 
in  numerous  and  extensive  investigations  into  the 
nature  of  steel,  its  defects  and  their  elimination.  The 
result  is  that  at  tne  present  time  many  special  steels 
may  be  obtained,  all  of  which  are  superior  to  the  steels 
formerly  used,  out  eacn  one  is  particularly  suited  to 
the  class  of  work  for  which  it  was  maae.  The  most  impert- 
ant  feature  of  these  is  that  while  they  come  out  of  the 
rolls  or  from  under  the  hammer  a  high  grade  steel  yet 
they  may  be  greatly  improved  by  submitting  them  to  the 
proper  heat  treatment.  The  term  "proper"  is  used  advis- 
eu.ly  ana  iurnishes  the  basis  of  this  investigation. 
According  to  the  theory  of  neat  treatment  whioh  has  been 
developed  it  would  De  an  easy  matter  to  ootain  uy   accur- 
ate methods  the  cooling  curve  of  a  piece  of  steel  and 
from  it  outline  tne  metnod  of  ,eat  treatment  which 
would  most  completely  develop   its  desirable  properties. 
In  practice  the  tneoiy  works  uat  only  approximately  and 
it  becomes  necessary  to  run  a  series  of  tests  to  snow 
tne  possioilitee  of  tne  steel  in  question.  Such  a  series 
forme  an  interesting  £tuay  ana  not  only  links  tne  tneory 
and  practice  together  out  supplies  the  opportunity  ior 

in 


the  development  of  unsuspected  and  valuable  results,  ior 
while  it  is  true  that  a  great  deal  of  work  has  ueen  aone 
along  this  line  yet  much  more  remains  to  oe  done  beiore 
the  field  is  covered,  i'or  these  reasons  it  was  deciued  to 
investigate  tne  effects  of  heat  treatment  upou  tne  physi- 
cal properties  of  one  of  the  comparatively  new  steels, 
namely  ,  en rome- vanadium. 
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THEORETICAL  COISIDEEaTIOHS 

It  has  long  oeen  known  tnat  if  a  piece  of  steel  was 
heated  to  a  certain  temperature  and  quickly  cooled  its 
physical  properties  would  oe  greatls  changed.  The  reasons 
for  this  phenomena  have  oeen  brought  fortn  oy  recent  in- 
vestigations. If  tne  temperature  rise  of  a  piece  of  steel 
be  recorded  continuously  as  it  is  uniiorimLy  heaceu  irom 
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atmospheric  temperature  to  iuOO  C  it  will  oe  lound  tnat 
&t  one,  two  or  tnree  different  temperatures,  aepending 
upon  tne  caroon  content  of  tne  steel,  a  retardation  of  tne 
sensioie  temperature  rise  takes  place.  If  a  similar  record 
be  taken  as  the  steel  cools,  retaraations  ox  the  sensioie 
temperature  fail  will  oe  lounu  to  occur  siigntly  below  tne 
points  previously  noted.  Experiments  nave  snown  tnat  eacn 
retardation  is  caused  o^/   tne  absorption  or  evolution  01 
heat  by  the  steel,  due  to  tno  cu«ng,ing  of  its  structure. 
The  retaliations  are  calleu  " critical  temperatures".  The 
Structures  v.nich  exist  in  etna  <aoove  tne  range  oi  critical 
temperatures  nave  anlerent  physical  properties  from  the 
normal  structure  at  atmospheric  temperature.  One  oi  tnem 
is  harder  ana  tougher  tnan  tne  normal  structure,  one  is 
sorter  ana  tinotner  is  non -magnetic.  Cooling  tne  steel  \er^ 
quickly  from  a  temperature  fn  or  aoove  tno  critical  ran&e 
7fiil  partially  preserve  tne  listing  structure  and  conse- 
quently tne  steel  will  possess  tne  properties  of  that 
structure  at  atmospheric  temperature  to  a.  greater  or  less 
extent,  uepenuing  upon  the  rate  oi  cooling  and  tne  specific 
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effect  of  the  cnemical  constituents  in  hastening  or 

retarding,  tne  cnange.  The  process  is  called  "quenching". 

Steel  is  often  quenched  in  water  but  some  oils  give  Detter 

results.  After  a  piece  of  steel  has  oeen   quenched  it  is 

too  hard  and  Drittle  for  most  purposes.  Heating  it  to 

some  temperature  oelow  tne  critical  range  and  allowing 

it  to  cool  in  air  will  make  it  softer  and  more  tough. 

Tnis  operation  is  called  "drawing".  The  final  result  will 

be  tnat  tne  nardness,  elastic  limit  and  ultimate  strengtn 

of  tne  treated  steel  will  De  greater  tnan  tney  were  oe- 

lore  it  was  treated,  i'iiis  briei  outline  gives  tne  work- 
best 
ing  Dasis  of  all  neat  treatments  but  the^  results  to  be 

obtainea  can  only  oe  ascertained  Dy  making  a  series  of 

tests  covering  the  critical  range  and  extending  beyond 

it. 

A  satisiactorv  uesoription  oi  the  structural  changes 

involved  in  tne  foregoing  processes,  tneir  causes  and 

eiiects,  would  liil  many  pages  as  may  be  determined  oy 

referring  to  Professor  Albert  Sauveur'e  book  on  Lne 

Metallography  of  Iron  and  at eel,  ana  as  tnat  is  not  tne 

purpose  0-  tnis  investigation  it  will  not  oe  inserted  nere. 

OUTLINE  OF   ,.'0B£ 
rhree  distinct  operations  are  involved  in  determin- 
ing tne  possioiiities  oi  suojecuing  a  given  steel  to 
heat  treatment,  namely,  preliminary  investigations,  hens 
treatment  and  testing.  The  preliminary  work  will  consist 
oi  making  cnemical  analyses  ox  Che  ^aturial  to  be  used 
and  determining  its  critical  temperatures.  It  mignt  oe 
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thought  that  tne  ladle  analysis  furnished  with  a  high 
grade  steel  is  sufficiently  accurate  for  experimental 
purposes.  Experience  nas  snown  tnat  it  is  not  and  con- 
sequently a  special  analysis  of  every  bar  to  oe  useu 
must  oe  made  in  oraer  to  insure  tne  use  or  the  material 
uesirea.  i'he  outline  of  the  enects  of  neat  treating 
shoved  that  it  is  essential  to  determine  tne  location  oi 
tne  critical  range  oeiore  planning  tne  quencning  temper- 
atures to  oe  used.  The  work  oi  neat  treating  is  quite 
simple, providing  tne  proper  apparatus  is  availaole,  Dut 
it  must  oe  watcned  car emily^ \,u\ on ao.  ail  variations  which 
might  produce  peculiar  results  should  oe  noted,  otherwise 
tne  tests  would  oe  worthless.  The  treated  specimens  may 
oe  subjected  to  a  variety  of  tests.  Tnoee  whien  give  tne 
most  reliable  and  important  information  are  tne  tension 
and  nardness  tests.  Torsion  and  oend  tests  nave  Deen 
found  to  give  results  v»nicn  are  approximately  proportional 
to  tne  results  01  tension  tests.  Dynamic  stress  tests 
give  very  interesting  ana  important  results  out  are  hard 
to  make  accurately.  Magnetic  tests  are  o scorning  almost 
essential  Decause  steels  or  low  ana  high  permeaDility 
and  of  10?/  and  high  hysteresis  loss  are  coming  into  great 
demand,  in  tne  manufacture  01  electrical  machinery .  For  this 
reason  tne  magnetic  properties  oi  all  special  steels  snoula 
be  known,  i'he  steel  snoula  also  oe  studied  under  tne 
microscope  as  tne  cnanges  of  structure  with  tne  different 
treatments  may  De  followed  out  and  used  later  as  a  Dasis 
ior  studying  similar  steels  of  unknown  neat  treatment. 
After  considering  tne  foregoing  tests  it  was  decided  tnat 
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7 
tne  oest  results  would  be  obtained  it  tension  and  naraness 
teste  were  made  of  all  of  the  different  heat  treatments, 
and  magnetic  tests  and  micro-pnotographs  were  inaae  of  tnose 
treatments  which  were  likely  to  give  tne  most  marked  dii  — 
ferences  in  results. 

APPARATUS 

Some  of  tne  apparatus  used  are  of  standard  uesigns, 
familiar  to  all  who  are  interesteu  in  testing  materials, 
and  require  no  detailed  description,  but  a  description  of 
a  ie«  ox  i;ne  instruments  which  are  not  so  well  icnown  may 
be  of  interest. 

Furnace.  The  most  important  factor  to  control   in  tnis 
work  is  tne  furnace  temperature.  For  this  reason  a  Ho  skins 
Electric  Furnace,  Type  F.  C,  was  selected  ana  tne  results 
were  all  tnat  eould  De  uesired.  The  maximum  current  requir- 
ed was  750  amperes  at  cQ   volts.  This  was  supplied  by  an 
1100  volt  generator  and  stepped  down  to  tne  required  volt- 
age. The  upper  photograph  on  Plate  Ho.  1  snows  tne  furnace 
in  tne  background.  The  heavy  leads  seen  in  tne  lower  right 
nana  corner  of  one  picture  are  attacned  to  large  caroon 
electrode  nolders  ueneatn  tne  furnace.  Tne  electrodes  are 
an  inch  and  a  quarter  in  diameter.  They  project  through 
the  bottom  oi  the  furnace,  one  on  each  side,  ana  are  in 
contact  witn  carbon  plate  resistances  which  are  maae  up  of 
plates  two  incnes  wiue,  eleven  incnes  ionfe  ana  one-quarter 
of  an  incn  in  tuicoiess.  The  plates  are  in  vertical  piles 
wnicn  lorm  tne  sides  oi  tne  interior  oi  tne  iurnace.  Two 
large  caroon  plates  rest  on  top  oi  tne  pries  ana  complete 
tne  circuit.  Tne  caruon  plates  are  set  inside  oi  heavy  lire- 
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brick  walls  which  are  contained  in  a  steel  jacket  ana  are 
very  eifective  in  preventing  radiation.  The  count er-oaianoed 
aoor  is  also  made  oi'  lire -oricKs  wnicn  are  neld  in  a  steel 
casing.  The  size  of  the  avaiiaole  heating  space  is  xive 
oy  six  oy  thirteen  incnes.  The  aavautages  ox  tizis  type  oi 
furnace  were  xound  to  oe:  a  comparatively  siua.il  rose  ox 
heat  by  radiatxon,  uniform  neating  ox  one  interior,  ana 
easy  regulation  ox  tne  temperature.  The  latter  was  accom- 
pli snea  oy  means  ox  hand  screws  oeneatn  tne  xurnace  wnicn 
controlled  tne  pressure  oi  tne  eiectroaes  on  tne  carDOn 
plates. 

Temperature  Indicator.  Another  essential  ieature  ox 
good  temperature  control  is  the  temperature  indicator.  A 
Whipple  Temperature  Indicator  was  usea.  It  is  also  3hown 
in  the  upper  pnotoer«pn  of  Plate  ^o.  1.  Tne  xire-enu.  is 
oi  tne  compensated  electrical  resistance  t^pe  having  two 
platinum  v^ires  incloseu.  xn  a  porcelain  tuoe  at  tne  end 
wnicn  is  exposed  to  the  temperature  to  oe  measured*  a 
long  soeei  tuoe  proviu.es  a  suxoaoie  prooecoion  ana  support 
xor  tne  otner  end.  i'our  ieaas  conneco  tne  fire -end  with 
the  indicator  dox,  enown  m  tne  loregrounu.  ox  tne  picture. 
This  oox  contains  two  uatteries,  «.  ainerentxai  galvanometer, 
contact  key  ana  a  temperature  scale  ana  L.Iiae  wire  contact 
on  a  revolving  drum.  Tne  indicator  operates  on  tne  prir  — 
ciple  of  tne  ;,'.'neatetone  ijxid&e.  To  me&suxe  the  temperature 
ox  tne  lire-end  tne  iour  ieaas  are  eonnecceu  to  their 
proper  terminals  ana  tne  drum  is  revoivea  unuii  one 
galvanometer  snows  no  aenectiou  wnen  tne  contact  ke^  is 
closed.  The  temperature  is  b±±zu   given  ij^  tne  xigure  on 


tne  drum  which  appears  unaor  a  m,aoionary  mark. 

Extensometex-.   The  determination  01  tne  eiaetio  limit 
o±'  a  piece  of  steel  wiien  testea  in  tension  is  01  prxmary 
importance  ana  consequently  one  best  metnod  avaiiauie  anouiu 
oe  used,  xne  e^oensometer  shown  rn  tne  pnotograpn  on  tne 
miuale  oi*  "Plate  wo.  1  was  used.  It  consists  ox  a  nonzon  - 
ai  uar  supporting  two  vertical  txa.aua.tea  arcs  at  tne  enus, 
two  vcxomai  pieces  01  spring  steei  near  the  miudie,  ana 
eacn  piece  oi  tne  spring,  steer  nas  a  center  point  on  it 
neax  tne  uottom.  One  oi  tne  pieces  i^  xiieu.  to  one   uar. 
out  tne  norizontal  position  ox  tne  otnex'  is  contxoliea  uy 
a  tnumu  screw.  Two  long  pointers,  eacn  proviaeu.  «itn  a 
kniie  euge  perpendicular  to  its  a^is  at  one  ena.  are  axso 
part  ox  tne  e^tensometcr.  ^aan.   a  test  piece  is  in  tne 
testing  macnine  tne  instrument  may  De  attttcnea  to  it  by 
]foreinfe  tne  center  points  into  it  near  tne  lower  shoulder 
oy  means  oi  tne  tnuiuD  screw  and  inter  ting  tne  uniie  eages 
ox  tne  pointers  oetween  tne  test  piece  anu.  tne  springs, 
lotcnes  are  proviaea  in  tne  springs  ior  tne  knife  edges, 
ana  «.i±en  tneyare  accurately  praoeu.  one  pointers  are  nela 
firmly  in  position,  ./hen  tne  pointers  are  adjusted  to  tne 
zero  iuai\K:s  oi  their  respective  scares  tneuistance  uet.veen 
tne  Knixe  edges  and  tne  center  points  is  eiacti^  tv>o  mcnes. 
The  instrument  is  now  in  position  to  indicate  eiongatxons 
oi  the  test  piece  within  the  stand&ra  two -men  xengtn. 
The  smallest  aivision  on  tne  arc  corresponds  to  an  elong- 
ation ox  one  one-tnousanatn  ox  an  incn, ana  tenons  oi  tne 
division  may  ue  estimated.  Tne  average  ox  tne  readings  on 
Doth  scales  v*xxi  oe  tne  true  value  ox  tne  exongation  ox 
tne  specimen. 
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i'luxmeter.   Plate  Ho.  2  shows  avviring  u.iagram  of  one 
iluxraeter  used.  This  instrument  is  a  very  accurate  indi- 
cator of  the  magnetic  flux  passing  tnrougn  tne  Dar  neing 
tested.  A  study  of  tne  diagram  will  snow  tne  principle 
upon  wnicn  it  is  operated.  The  rod  to  ue  tested  is  inserted 
in  tne  soiu  iron  yoke  and  is  firmly  nerd  in. place  uy  bight- 
fitting  sprit  collars  ao  eaun  end.  Tne  collars  are  securea 
in  place  by  means  oi  tnuino  screws;  tneir  purpose  is  to 
reduce  tne  error  due  to  an  air  gap  to  a  minimum.  The  cc  ii 
0   is  supplied  with  current  irom  a  uattery,  tne  rneostat  R^_ 
regulates  tne  amount  oi  current. ana  tne  douoie  tnrow  snap 
switcn  its  direction.  Tub  resistance  uox  R^  and  tne  rneo- 
stat jrtr,  regulate  tne  amount  oi  current  supplied  to  tne 
vertical  swinging  coil  C^.  When  tne  uar  is  inductively 
magnetised  uy  tne  current  passing  tnrougn  C-j_  tne  magnetio 
circuit  is  completed  tnrougn  and  coniined  to  tne  yoxe 
oecause  of  its  large  size  and  nign  permeaDiiity .  Tne  torque 
exerted  uy  tnis  ilux  cutting  tne  lield  oi  tne  vertical 
coil  at  rignt  angles  twists  tne  coil  J  tne  amount  or  twist 
of  tne  vortical  coil  is  proportional  to  tne  ilux  in  tne 
rod  as  tne  current  in  tne  coil  is  maintainea  at  a  constant 
value.  The  flux  indicator  Jj1  is  rigidly  attacned  to  the 
swinging,  coil  anu.  passes  over  a  scare  wnicn  is  eaiiorateu, 
so  tnat,  with  proper  current  regulations,  tne  permeaoriity 
of  tne  rod  may  ue  reau  aix'eetiy. 

iilicro-PnooOgrapnic  Apparatus.    Tne  lo.ver  pnotograpn 
on  Plate  .No.  1  snov/s  tne  micro -pnutograpnic  apparatus  useu.. 
Tnis  is  a  siigntiy  mOaineu  iorm  oi  tnt  le  cnateiier  in- 
vert ea  m 
Germany . 
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i'ension  Seating  luaenine.  An  Olson  60,000  pouna  macnine 
^was  used  fox  malting  tne  tension  tests.  It  was  particularly 
suited  lor  une  work  in  nana  ior  two  reasons:  i'xie  maximum 
load  required  was  aoout  50%  of  its  total  capacity  anu 
consequently  tne  macnine  was  as  sensitive  as  could  oe 
aesired,  a   large  wneel  was  providea  on  tne  main  snait  so 
that  loaas  couia  oe  applied  oy  nana  when  aesirea. 

naraness  testing  Apparatus.   Hardness  tests  were  maae 
witn  tne  JBrinnel  macnine  unaer  stanaara  conaitions,  namely; 
witn  a  pressure  of  3,000  kg.  on  a  uall  10  mm.  in  diameter. 
The  haraness  of  the  various  specimens  was  also  measuraa 
witn  tne  shore  Seleroscope. 

l&TBRIALS 

bteel.   It  was  first  tnought  that  it  mi^ht  be  a  good 
plan  to  make  a  crucible  steel  to  test  but  tnis  idea  v/as 
abandoned.  In  the  first  place,  tne  only  furnace  available 
that  would  give  tne  required  temperature  nad  too  sma&l  a 
capacity.  In  tne  second  place,  the  results  obtained  would 
not  be  oi  commercial  value, ior  experience  nas  snown  unat 
crucible  tteei  made  in  small  quantities  always  give^much 
better  results  tnan  tne  open  neartn  or  electric  steels 
made  in  large  quantities.  Consequently,  several  oars  oi 
open  neartn  chrome -vanaaium  steel  of  two  different  car Don 
contents  were  secured.  In  one  set  the  carDon  was  supposed 
to  be  Detween  .25  and  .iso.and  in  the  other  between  .40 
and  .50.  The  Dars  were  an  incn  ana  a  quarter  in  diameter 
aitnough  the  largest  size  required  was  onree-quar uers  of 
an  incn.  The  large  size  was  usea  ior  tne  puipose  of  re- 
ducing one  teste  more  nearly  to  a  commercial  oasis  as 
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large  oars  are  irequentiy  used  out  they  give  lower  results 
when  tested  than  tne  smaller  ones  do.  It  was  deciued  tnat 
the  easiest  method  of  keeping  a  record  or  the  tesc  pieces 
would  oe  -co  number  tnem  consecutively  as  tney  were  cut  irom 
tne  oars,  recording  tne  numoers  oi  tne  bart  irom  whicn  tney 
were  cut  and  the  kinds  ox  tests  ior  which  they  were  to  oe 
usee  This  information  is  contained  in  Table  Ho.  1.  It  will 
be  noticed  that  many  numbers  are  omitted.  These  were  given 
to  specimens  used  for  purposes  whicn  do  not  enter  into  tnis 
investigation.  Tne  pieces  wnicn  were  to  De  used  ior  chemical 
analyses  ana  xor  cooling  curves  were  rour  inches  long,  tne 
magnetic  test  pieces  were  twelve  inches  long  ana  the  tension 
tests  were  six  inches.  The  lengiih  required  ior  the  standard 
tension  test  is  five  inches  but  the  extra  inch  was  provided 
so  that  it  could  be  cut  off  alter  tne  pieces  were  treatea 
and  used  ior  the  hardness  tests  and  lor  examination  with 
the  microscope. 

METHODS  AID  RESULTS 

Chemical  Analysis.   The  specimens  ior  chemical  analysis 
were  turned  over  to  the  laooratory  to  be  analyzea  oy  the 
standard  metnods  used  in  commercial  work.  The  results  are 
given  on  the  page  containing,  Table  Ho,  1.  Tnose  ior  specimen 
Ho.  81  went  astray;  it  was  of  .40  to  .©0  caruon  content. 

Calibration  oi  Pyrometer.   To  insure  tne  ootaining  oi 

correct  tempex'atures  it  was  necessary  to  caliorate  the 
indicator.  After  the  apparatus  was  connected  up  tne  lire-end 
was  packed  in  melting  ice.  A  small  variaole  resistance  v.as 
adjusted  and  clamped  in  such  a  position  that  the  galvanometer 
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gave  no  ceilection  wnen  tne  circuit  was  closed  and  the 
zero  mark  of  the  scale  was  directly  below  the  fixed  refer- 
ence point.  When  the  fire- end  was  next  put  in  steam  under 

o 
atmosjaheric  pressure  the  instrument  read  lcO.O.  Tne  fire- 

end  was  thenput  in  tne  vapor  of  boiling  sulphur  and  the 

o 
instrument  read  440.1.  The  oarorneter  reading  ai  tne  time 

o 

tnis  work  was  done  was  747.7  mm.  Water  coils  at  100. 0 

o 

and  sulphur  uoils  at  444.7  under  the  standard  pressure  of 
760mm.  After  making  the  necessary  corrections  for  tne 
difference  in  Darometric  pressure  tne  instrument  was  found 

0  o 

to  register  .46  too  nign  at  100  and  3.5  degrees  too  low 

o  o 

at  444.7  .  This  corresponds  to  a  arop  of  approximately  1 

o 

for  each  100  beyond  tne  point  of  boiling  water.  As  this 
error  is  within  the  range  of  variation  of  the  furnace  for 
&.ny   desired  constant  temperature  it  will  not  need  to  be 
taken  into  account  in  tne  following  work,  out  it  snoaiu. 
be  kept  in  mind  if  making  a  comparison  uetween  tne  results 
of  this  investigation  and  another. 

Heating  and  Cooling  Curves.  When  taking  aata  ior  neat- 
ing  and  cooling  curves  two  pyrometers  are  required  to  give 
accurate  results.  They  should  De  arrangea  so  tnat  tne  differ- 
ences in  temperature  uetween  tne  sample  under  examination 
and  a  neutral  uody  in  tne  same  furnace  may  be  recorded, 
either  on  a  photographic  plate  or  Dy  taking  readings  at 
short  intervals.  In  tnis  way  any  eiiects  caused  oy  non- 
uniform neating  or  cooling  would  De  eliminated.  This  metnod 
was  not  available  xor  tne  present  work  so  a  less  accurate 
method  had  to  De  used.  Each  epecimen  was  an  inch  and  a  quai — 
ter   in  diameter  and  four  inches  long.  A  five-eighths  incn 
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hole  three  inches  deep  was  drilled  in  one  end.  The 
specimen  was  supported  in  one  xurnace  aoout  tnree  inches 
aoove  tne  Dottoia,  tne  lire-end  01  tne  pyrometer  was 
inserted  in  the  test  piec<?to  almost  tne  full  deptn  of  the 
nole.and  it  was  prevented  from  coming  in  contact  witn  tne 
steel  Dy  a  mica  packing  at  tne  outer  end.  The  temperature 
was  tnen  recorded  every  fifteen  seconds  as  the  piece  was 
slowly  neated  from  450  to  1100°  and  slowly  coolea  from 
that  temperature  to  550*.  The  Curves  on  Plate  Ho.  14  are 
plotted  irom  tne  data  taken,  tne  ordinates  being  used  to 
indicate  tne  temperatures, anu  tne  elapse  oi  oime  nom  one 
Beginning  to  tne  end  oi  tne  test  is  plotted  on  tne  aoscit;s- 
es.  It  will  be  noticed  tnat  tne  method  used  will  not  aifrer- 
entiate  uetween  a  non-uniiorm  sensible  temperature  vari- 
ation and  aDsorptions  and  evolutions  oi  heat  ~oy   the  steel. 
For  this  reason  tne  less  intense  critical  points  are  not 
dearly  represented  on  the  curves.  The  lowest  critical 
point  on  cooling,  called  Ar-,,  is  tne  one  of  maximum  in- 
tensity, and  its  position  is  quite  ueiiniteiy  located  on 
eacn  oi  tne  cooling  curves.  It  occurs  at  707   in  tne  lower 
carbon  steels  and  at  696  in  the  steels  of  higher  carbon. 
Comparing  this  result  witn  the  diagram  oi  critical  ranges 
in  bauveur's  Metallography  oi  Iron  ana  ot-eel,  ^esson  7, 
page  11,  we  find  tnat  the  presence  of  the  chromium  and 
vanadium  in  the  steels  under  consiaeration  does  not  effect 
the  location  of  Ar1#  With  this  as  a  Dasis  to  work  from  and 
with  tne  diagram  mentioned  as  a  guide, most  oi  tne  otner 
critical  points  were  selected  and  marked^  but  it  must  De 
remembered  that  only  the  points  A^  have  been  definitely 
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located  by  the  method  used.  From  a  consideration  of  the 
slopes  of  the  curves  it  will  De  seen  that  the  critical 
ranges  extend  to  about  Y80  .  Knowing  tnis  fact, we  may  now 
proceed  to  the  heat  treatment  of  the  steel. 

Heat  Treatment.   The  structure  of  the  steel  before  it 
is  subjected  to  quenching  nas  a  marked  influence  upon  tne 
final  results,  therefore  it  is  necessary  to  anneal  the 
steel  to  give  all  of  it  the  same  structure  and  to  secure 
results  whion  will  be  oomparaole.  This  is  done  by   soaking 
it  at  a  tempera-cure  a  little  aDOve  the  critical  range  for 

o 

a  short  time  and  then  allowing  it  to  cool  in  air.  840  was 

selected  as  the  annealing  temperature  of  tne  low  carDon 

o 
and  820  for  the  nigh  caroon  steel.  It  was  uecided  to 

quench  the  steels  from  790  ,  826° ,  850°,  870°,  and  900° 

as  experience  nas  shown  that  the  most  effective  quenching 

temperature  will  De  found  within  100  of  the  upper  point  of 

o         _      a  o  o 

tne  critical  range.  460  ,  i>00  ,  650  ,  and  600  were  selected 
as  the  drawing  temperatures.  One  specimen  was  to  oe  treated 
for  each  one  of  the  combinations  of  quenching  and  drawing 
temperatures;  for  example,  one  was  to  ue  quencned  at  -(90° 

and  drawn  at  4t>0  ,   another  quenched  at  y90  and  drawn  at 

o  o  a 

500  ,  another  quenched  at  v90  and  drawn  at  o50,  etc.  In 

addition,  two  specimens  or  each  steel  were  to  oe   annealed 

but  not  quencned.  This  made  a  total  of  twenty -two  tension 

specimens  of  each  steel  tnat  would  be  required  to  cover 

the  proposed  field. 

A  small  steel  frame  was  maae  to  nolo,  tne  specimens  in 

tne  furnace,  it  served  tne  double  purpose  oi  keeping  the 

pieces  off  of  the  oottom,  and  of  increasing  the  capacity 
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of  the  furnace.  Eight  was  found  to  be  the  maximum  number 

of  pieces  which  could  be  accomodated  at  one  time  and  allow 

a  good  circulation  of  heat.  They  were  arranged  in  two  tiers, 

four  in  a  tier,  A  space  apove  one  center  01  the  irame  was 

provided  for  one  fire -end.  When  tne  specimens  were  put  in 

a  cold  furnace  the  temperatures  for  tne  various  treatments 

were  controlled  in  tne  following  manner:  To  anneal;  tne 

heat  was  brought  up  to  tne  annealing  temperature  in  about 

one  hour  and  held  there  for  thirty  or  forty  minutes,  the 

pieces  were  tnen  taken  out  and  cooled  in  air.  To  quenon; 

o 
tne  neat  was  raised  to  vOO  in  about  one  hour  and  held  there 

for  ten  minutes,  it  was  tnen  raised  to  the  quenching  temp- 
erature in  aoout  twenty  minutes  anu  nela  there  ior  nail 
an  nour.  The  pieces  were  then  taken  out  and  immediately 
plunged  in  the  tiuencning  oil.  To  draw;  one  neat  was  brought 
up  to  one  drawing  temperature  in  aoout  forty-five  minutes 
and  held  there  for  twenty  minutes,  the  pieces  were  then 
cooled  in  air.  The  foregoing  applies  to  tnose  pieces  v.nicn 
were  tne  first  to  be  taken  out  oi  the  iurnace.  The  iurnace 
was  loaned  at  the  start  of  eacn  neat  ana  the  pieces  tnat 
naa  to  De  neatea  to  nigner  temperatures  were  raised  to, 
and  soakea  at,  those  temperatures  alter  the  others  were 
taken  out.  When  tne  pieces  were  put  in  a  not  iurnace  tne 
time  oi  neating  was  snortened  oy  aoout  thirty  minutes. 
Tables  Ho,    2  and  Ho.  3  contain  a  reuoru  oi  tne  oime  ana 
temperature  oj.  eacn  inaiviuual  neao  ureaoment.  The 
temperature  oi  the  quencning  oil  oeiore  and  alter  quenching 
is  also  recorded. 

It  was  not  tnought  necessary  to  make  a  magnetic  test 


17 


ox  each  01  tne  neat  treatments  which  the  tension  tests 
were  subjected  to,  out  insteaa  ten  pieces  of  eacn  steel 

were  allotted  to  cover  a  wider  range.  The  quencning  ten 

/>erature  plays  a  more  important  part  man  the  drawing  tern  ~ 
^era-cure  in  determining  tne  magnetic  qualities.  For  tnis 
reason  six  or  tne  tests  were  quenched  at  750°  ,  79</  ,  tiZc 

o  o  0 

tioU  ,  9C0  ,  and  950;  all  of  tnem  were  arawn  to  *§0°.  Three 
more  were  quenoned  ax  850°  and  drawn  to  5o(f  ,  o50° ,  and 
600  ;  the  tenth  was  annealed  but  it  was  not  quenched.  As 
tne  magnetic  oesos  were  twelve  inches  long  it  was  necessary 
to  heat  them  about  an  hour  longer  than  tne  tension  tests. 
Each  one  nad  to  ue  reversed  in  tne  furnace  while  it  was 
soaking  at  the  required  temperature  as  the  ena  near  tne 
door  was  cooler  tnan  the  rest  or  tne  oar. 

in  ail  ol  tne  neat  treating  no  important  deviations 
from  the  proposed  work  occurred. 

Hardness  Tests.   Alter  tne  six  incn  specimens  were 
treated  an  inch  wae  sawed  off  of  the  end  or  each.  An 
automatic  nack  saw  was  used  so  tnat  excessive  friction 
and  one  resulting  neaoing  eifeot  would  De  avoided.  The 
short  pieces  were  used  lor  tne  nardness  tests  after  one 
ena  oi  each  nad  oeen  ground  down  on  a  polishing  disk 
and  given  a  smooth  iinien  with  fine  emery  clotn.  Eacn 
piece  wae  tesoea  five  times  with  one  sclerosuope,  one 
hammer  being  direcoed  once  to  one  center  and  once  to  tne 
center  oi  each  quarter  oi  tne  circle.  The  average  oi  the 
five  results  is  considered  to  be  tne  scleroscope  naraness 
Of  tne  specimen.  Tables  ISO.  Z   ana  Ho.  3  contain  tne  results 
of  these  tests.  The  specimens  were  resurfaced  after  test- 
ing. 
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The  Brinnel  test  was  also  made  live  times  on  eacn  speci- 
men, once  in  tne  center  and  once  in  the  center  01  eacn 
quarter.  The  diameters  ox  tne  impressions  were  measured 
with  a  glass  scale  under  a  low  power  microscope.  Tne  result- 
ing pressures  in  kilograms  per  square  millimeter  of  the 
area  depressed  were  ootained  from  a  taole  supplied,  with  tne 
instrument.  Tne  average  of  the  five  results  ror  each  speci- 
men is  considered  to  oe  the  Brinnel  hardness.  TaDies  Bo. 2 
ana  JSo.  3  contain  the  results  of  tnese  tests. 

It  was  noted,  in  iookint  over  tne  results  or  tnese 
tests,  that  all  01  the  specimens  had  a  very  uniform  hard- 
ness over  the  entire  cross  section.  This  inuiuates  unat 
tney  were  neaced  to  the  same  temperature  throughout  wnen 
making  tne  neat  treatments.  A  comparison  ox  tne  Brinnel 
and  scleroscope  nardnesses  will  show  that  the  Brinnel  tests 
follow  up  very  closely  what  mignt  oe  expected  xrom  cne 
theoretical  considerations  involved  while  tne  scleroscope 
tests  are  somewnat  erratic  and  nard  to  oe  accounted  ior. 
This  mignt  ue  expecteu  from  one  xact   tnat  one  personal 
equation  is  quite  a  xactor  in  making  tne  scleroscope  tests 
wut  it  is  entirely  eliminated,  in  tne  Brinnel  metnod. 

Tension  Tests.   The  only  feature  01  special  interest 
in  connection  witn  making  tne  tension  tests  is  tne  use  of 
tne  extensometer  in  determining  tne  elastic  limit.  This 
instrument  nas  oeen  previously  descriDed.  Alter  it  was 
fixed  in  position  on  a  test  piece  a  xoad  01  iour  thousand 
pounus  was  applied  by  means  of  tne  nand  wheel  and  tne 
elongation  was  rc&a  un  oxie  extensometer.  Two  small  tele- 
scopes mounted  on  a  standard  iacilitated  the  taking  of  these 
readings.  'Unen.   loads  in  increments  of  two  thousand  pounds 
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were  aopliad  and  the  oorry sponging  alongations  were  re- 
corded. This  was  continued  up  to  a  snore  distance  oeyond 
tne  elastic  limit,  men  the  extensometer  was  taken  oil 
and  tne  test  was  completed  in  tne  usual  way.  When  two 
persons  are  working  together  line  jump  01  one  pointer  at 
tne  elastxo  limit  can  be  easily  deteoted;but  witn  only 
One  making  the  test  the  determination  is  not  quite  so 
accurate.  The  results  of  the  tension  teste  are  contained 
in  TaDies  Ho.  2  ana  Ho.  d.   Plates  So.  11  and  Ho.  12 
show  partial  stress-strain  curves  for  these  tests.  They 
were  plotted  ior  the  purpose  of  determining  the  locations 
of  one  elastic  limits.  It  is  interesting  to  note  tne 
different  ways  in  whicn  one  various  specimens  'let  go"  at 
tne  yieia  point. 

J30W  that  tne  results  oi  the  pnysicai  tests  have  oeen 
oo Gained  it  might  oe  well  to  insert  &$   this  poxnt  a  dis- 
cussion on  tne  method  to  be  used  in  plotting  tnem.  It 
will  oe  conceaeu  that  tnat  system  will  oe  most  uesiraoie 
wnich  will  most  completely  cover  tne  work  penormed,  pro- 
viding it  noes  not  sacriiice  clarity  for  scope.  To  cover 
the  entire  lieiu  ox  neat  treatment  xor  any   specixic  set 
oi  results,  sucn  as  tne  hardness  figures,  tnree  variables 
must  oe  introduced  into  tne  scneme,  one  oi  wnicn  depends 
upon  a  comDination  or  tne  other  two.  This  nas  oeen  accom- 
plished on  Plate  Ho.  o   and  some  ox  tne  succeeding  plates. 
On  Plate  io.  b   tne  axis  ox  abscisses  nas  been  selected  for 
the  drawing  tempera-cures  and  tne  axis  ox  ordinates  xor 
the  quencning  temperatures.  The  chart  was  then  raid  out  ae 
xoilows:  At  tne  intersection  oi  4o0  drawing  temperature 
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o 
and  vyO  quenching  temp  era  m  are  was  placea  tne  nardness 

figure  ior  -one  steel  subjected  to  that  treatment,  at  the 

O  o 

intersection  of  oOO  and  790  was  placed  the  hardness 
figure  for  tne  steel  subjected  to  tnat  treatment  and  so 
on  until  the  hardness  oi  every  piece  of  treated  steel  was 
to  be  found  in  its  proper  place  on  the  chart.  As  the 
temperature  increments  used  in  tne  neat  treating  are  so 
small  it  will  not  introduce  any  serious  error  to  assume 
that  the  variation  in  hardness  in  any  given  increment  is 
uniform.  For  example,  as  it  was  iound  tnat  a  piece  quenched 

0  a 

at  82b  and  arawn  at  4o0  haa  a  hardness  of  212  and  a  piece 

O  o 

quenched  at   82o     and  arawn  at    5u0  had  a  hardness  of  208, 

.  o  O 

tnen  a  piece  queneiiea  at  o&b     and  arawn  at  4b0  would  nave 
a  hardness  of  210.  For  convenience  oi  reierence  the  ine 
crements  were  divided  up  in  tnis  way  into  divisions  of 
every  10  points  oi  hardness,  i'nen  it  was  an  easy  matter 
to  draw  a  line  through  the  points  oi  equal  hardness  and 
tne  result  is  given  on  the  chart.  The  lines  show  at  a 

glance  just  how  the  hardness  has  advanced  with  tne 
increasing  quenching  and  drawing  temperatures.  In  tnis 
way  charts  oi  the  linesoi  equal  nardness  (Plates  xjo.S  and 
lo.?'),  lines  oi  equal  elastic  limit(Plates  lo.  4  ana  Io.8) 
and  o±  equal  maximum  strength  (Plates  Jiio.5  and  JS0.9)  were 
prepared.  Line3  oi  equal  elongation  and  reduction  oi  area 
could  not  oe  drawn  oecause  tne^/did  not  oocur  in  any  oraer 
with  respect  to  the  treatments,  out  tne  figures  are  given 
on  Plates  Bo.  b  ana  jso.  10. 

A  study  oi  unese  enarts  snows  bnat  ior  gooa  resalts 
it  is  essentia.!  tnat  the  qaencning  tempera-cure  ior  Dotn 
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steels  should  oo  aoove  ocC^nd  the  uest  results  will  be 
Obtained  if  one  steel  is  quenoned  at  yuO  and  drawn  at  *oQ° 
The  only  abnormal  result  obtained  in  tne  pnysical  tests 

was  the  hardness  of  specimen  Bfo.  4  which  was  quenoned  at 

o  o 

790  and  arawn  at  oOO  .nothing  unusual  couia  oe  louna  in 

tne  heat  treatment  ox   tnis  particular  piece  so  one  very 

result 
low,,  must  be  attributed  to  some  unknown  cause.  Aside  iroia 

tnis  tne  results  were  very  satisiactoxy  ana  followed  out 
closely  wnat  was  to  oe  expected  irom  tne  theoretical 
considerations  involved. 

Magnetic  rests.  The   magnetic  oeau  specimens   are 
turned  aown  to  one-nali  inch  in  diameter  over  their  entire 
iengtn.  ihe^were  tested  in  the  iluxmeter  previously 
described.  The  current  in  tne  swinging  coil  was  aajustea 
to  the  proper  value  and  held  constant  througnout  tne 
entire  series  of  tests.  When  a  specimen  was  first  put  in 
the  instrument  it  was  thoroughly  magnet  izeu.  uy   slowly 
increasing  une  magnetizing  current  ana  reversing  it  many 
times.  The  the-  permeability  was  read  ior  tne  maximum 
magnetizing  iorce.  It  was  tnen  deoreasea  to  zero  in  small 
increments  ana  one  cox-re sponaing  permeabilities  were  reaa. 
The  magnetizing  force  was  tnen  reversed  ana  increased  in 
small  increments  to  a  maximum  negative  value,  tne  perme- 
ability being  recorded  for  eaon  change.  Tne  results  o±  these 
tests  are  plotted  on  Plate  Ho.  IS.  Tne  urea  in  tne  upper 
left  hand  quarter  between  the  curve  ana  tne  a^es  is 
proportional  to  t.ue  amount  oi  work  required  to  take  the 
magnetic  remanence  out  oi  tne  steel.  The  harder  the  steel 
is  the  greater  is   the  demagnetising  iorce  wnicn  io 
requires.  Tne  results  snow  that  the  presence  oi  chromium 
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and  vanadium  in  sucn  small  quantities  do  not  affect  the 
magnetic  properties  of  the  steels  as  tne  results  ootained 
from  ordinary  steels  are  quite  similar  to  them.  The  range 
of  temperatures  covered  is  evidently  above  cnat  required 
to  preserve  tne  non-magnetic  structure^  because  the  flux, 
produced  oy  the  maximum  magnetiaing  force  is  practically 
the  same  for  every  specimen . 

COICLUSIGIS 

The  principal  object  of  tnis  investigation  was  to 
determine  to  what  extent  the  physical  properties  Of  the 
steels  unaer  consideration  would  be  affecta  by  heat  treat- 
ment. The  cnarts  show  tnat  in  no  instance  did  tne  treated 
steel  fail  to  give  uetter  results  tnan  tnat  which  was  not 
treated.  The  highest  maximum  strength  was  obtained  from 
those  steels  whichwere  quenched  at  900  and  drawn  to  *50  . 
They  also  nad  a  good  elongation  and  reduction  of  area; 
but  tnese  were  improved  at  tne  expense  of  tne  strength 
Dy  drawing  the  steels  quencned  at  900  back  to  500  .  There - 
lore  tne  two  ioregoing  treatments  are  to  be  recommended 
as  producing  tne  most  satisiactory  results. 

ihe  magnetic  tests  showed  ver^  unifox-m  results  and 
consequently  if  another  investigation  of  tne  magnetic 
properties  were  to  oe  maae  it  should  involve  a  iar  greater 
range  oi  quencning  temperatures  and  little  attention  need 
be  paid  to  the  variations  in  drawing  temperatures. 

Taking  i,ne  entire  investigation  into  consideration, 
it  mignt  be  said  tnat  one  results  were  very   uniform  in 
their  accordance  witn  tne  tneory  oi  neat  treatments  and 
no  unusual  results  were  obtained. 
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iuICRO-PHOTOGRAPHS 
The  micro -photographs  on  one  following  pages  no  not 
show  the  structures  as  clearly  as  might  ue  aesired  out 
they  will  serve  to  give  an  idea  of  the  changes  produced 
by  the  various  heat  treatments.  The  structures  were  so  fine 
that  it  was  tnought  the  oest  results  would  oe  ootained 
by  using  a  magnification  01  one  thousand  diameters.  Tnis 
necessitateu  an  exposure  o±   irom  one  to  two  seconds,  and 
undoubtedly  such  long  exposures  provided  ample  opportunity 
for  vibrations  to  blur  the  negatives.  The  specimens  were 
polished  in  the  usual  way  and  etcned  for  xorty  seconds  in 
a  solution  of  picric  acid  in  alcohol. 


Ho.  1  -  .29  carbon.  Annealed  at  8*0  .  Magnified  1000  diameters 
Free  ferrite,  granular  pearlite  ana  a  small  amount  of  lami- 
nated pearlite. 


Ho.  8  -  .29  carbon.  Annealed  at  ts4u  ,  quenched  irom 
790  ,  drawn  to  *50  .  Magnified  1000  diameters.  Free  ferrite, 
granular  pearlite  and  a  small  amount  of  laminated  pearlite. 


Ho.  6  -  .29  carbon.  Annealed  at  840  ,  quenched  from 
825  ,  drawn  to  450  .  Magnified  1000  diameters.  Free 
ferrite,  granular  peariite  and  sorbite. 


Ho.  11  -  .29  carbon.  Annealed  at  8*0  ,  quencneo.  irom 
850  ,  arawn  to  450  .  Magnified  1000  diameters.  Small  amount 
of  free  lerrite  and  granular  pearlite,  large  amount  of 
sorbite. 


35 o.  12  -  .29  carbon.  Annealed  at  840  ,  quenched  iroia 
825  t  drawn  at  500  .  Magnified  1000  diameters.  Small  amount 
of  sorbite, laminated  and  granular  pearlite,  free  rerrite. 


Mo.  13  -.29  carbon.  Annealed  at  840  ,  quenched  irom 
tidO   t   drawn  to  550  .  Magniiied  1000  diameters.  Small  amount 
of  rree  ierri&e,  large  amount  o±  granular  pearlite. 


Ho.  14  -  .29  carbon.  Annealed  at  o40  ,  quenched  ironi 
dbu  ,  drawn  to  600  .  Magnified  1000  diameters.  Large  amount 
of  granular  peariite,  small  amount  of  iree  ferrite. 


HO.  15  -  .29  caroon.  Annealed  at  b40  ,  quenched  from 
8y6  ,  drawn  to  450  .  Magnified  1000  diameters.  Large  amount 
of  laminated  peariite,  small  amount  of  iree  xerrite. 


Ho.  19  -  .29  carbon.  Annealed  at  640  ,  quenched  from 
900  ,  drawn  to  450  .  Very  fine  structure  o±  laminated 
pearlite  witn  a  small  amount  of  iree  ierrite.  Magnified 
1000  diameters. 


Eo.  36  -  .47  caroon.  Annealed  a.z  620  .  Magnified  luOO 
diameters.  Coarse  structure  of  granular  pearlite  and  free 
ierrite. 


ivo .  28  -  .  <±7  car o on.  Annealed  at  diiu  ,  quenciied  from 
?90  ,  arawn  -co  <t?5  .  Magnified  1000  diameters.  Small  amount 
of  iree  lerrite,  large  amount  of  granular  pearlite  and 
sorbite. 


Eo.  42  -  .4?  caroon.  Annealeu  at  o£0  ,  quuncneo.  iroin 
626  ,  arawn  to  <±75  .  ilagniiied  lOoO  diameters.  Soroite, 
granular  and  laminated  pearlite,  small  amount  oi  iree 
ierrite. 


1U0.  46  -  .47  carbon.  Annealed  at  tiidO  ,  quenched  xrora 
850  ,  drawn  to  450  .  Magnified  1000  diameters.  Small  amonnt 
of  tree  lerrite,  sorbite  ana  laminated  pearlite,  large 
amount  of  granular  pearlite. 


Ho.  47  -  .47  caroon.  Annealea  at  6£0  ,  quenched,  irom 
850  ,  drawn  to  ouO  .  Magniiied  1000  diameters.  Very  small 
amournc  oi  iree  iei-rite,  granular  pearlite. 


Mo.   48  -  .47  carbon.  Annealed  &.V   8ZQ    t    quencned  irom 
850  ,  drawn  to  550  .  Magnified  1000  diameters.  Free  ferrite, 
granular  and  laminated  pearlite. 


Ho.  49  -  .47  caruon.  Annealed  at  82U  ,  quenched  from 
850  ,  drawn  to  bOO  .  Magnified  luOO  diameters.  Almost 
unilorm  structure  of  granular  pearlite. 


Ho.  50  -  .47  carbon.  Annealed  at  6£u  ,  quencnea  irom 
875  ,  drawn  to  <±o0  .  Magnified  1000  diameters.  Laminated 
and  granular  pearlite. 


HO.  54  -  .47  carbon.  Annealed  at  820  t  quenched  irom 
900  ,  drawn  to  450  .  Magnified  1000  diameters.  Granular 
and  laminatea  pearlite,  small  amount  oi  soroite  and  iree 
ferrite. 
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